This paper presents the construction method of the 2000 Input-Output Table for Environmental Analysis of Japan and its application study. The first half of the paper describes the construction of energy inputs and CO 2 emissions tables corresponding to the official Input-Output Table by the Ministry of Internal Affairs and Communications, using economic and energy statistics. The second half quantifies the CO 2 emission of new power generation technology; Solar Power Satellites (SPS) as one of the application study.
Introduction
Greenhouse gas (GHG) reduction targets of developed countries, including Japan, are provided in the Kyoto Protocol that came into effect in February 2005. Although Japan is required to reduce GHG emissions by 6% from 1990 levels during the first commitment period (2008) (2009) (2010) (2011) (2012) , domestic emissions have gradually increased instead.
Even so, Prime Minister Hatoyama pledged to reduce emissions by 25% from 1990 levels by 2020 at the UN Climate Change Summit in 2009.
After the third UNFCCC Conference of the Parties (COP3) in 1997, international discussion regarding measures against global warming has continued, and COP15 was held in 2009. COP15 introduced the Copenhagen Accord and outlined measures to be implemented after 2013. However, forging an international consensus is a challenging task.
Our research group of environmental issues at Keio Economic Observatory, Keio University, has tried to construct the Input-Output Table for Environmental Analysis (IOTEA) 1985 and has addressed global warming issues based on the database.
We used officially published information as much as possible for constructing the IOTEA 1995 (Asakura et al. 2001) and enhanced the repeatability of constructing the database. The IOTEA 2000 (Nakano et al. 2008) was constructed using the 2000 Input-Output Table of Japan, and a framework for analyzing CO 2 emission structures by economic activities was prepared.
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The IOTEA is not only a basic reference for life cycle assessment (LCA) of technologies but also a database for scenario analysis of recycling processes and multi-sectoral economic models. If other countries construct the IOTEAs using common concepts and classifications and these tables are linked, the environmental impact of technology transfer and carbon leakage can be assessed. This paper presents the construction method for the IOTEA 2000 of Japan and its application to case studies. The first half of the paper describes the construction of the table with energy inputs and CO 2 emissions corresponding to the official 2000 Table constructed by the Ministry of Internal Affairs and Communications using economic and energy statistics. The second half quantifies the CO 2 emission of a new power generation technology as an application case study.
Input-Output

Composition of IOTEA of Japan
The IOTEA of Japan consists of six tables ( Figure 1 ): (1) monetary inputs of raw materials, including the energy goods listed in Table 1 ; (2) physical inputs of energy goods (original unit); (3) physical inputs of energy goods (calorie basis); (4) physical inputs of energy goods (CO 2 basis); (5) physical inputs of energy goods for non-energy use (CO 2 basis); and (6) CO 2 emissions.
The monetary input table shows the monetary inputs of raw materials by activities valued at producer prices. We used the transaction table (basic sector classification: 405 column sectors, 517 row sectors) of the 2000 Input-Output Table as the monetary input table of the IOTEA. For analysis using the square table by sector aggregation, the following aggregation method is employed. First, row sectors are aggregated using six digits from the top of the seven-digit row code to reduce the number of row sectors to 401. Next, the square monetary input table (399 × 399) is derived by aggregating both column and row sectors based on Table 2 .
The physical input table (original unit) shows the physical inputs of energy goods listed in Table 1 for each activity, by weight or volume. These energy goods include limestone, iron, and steel. Limestone, pig iron, crude steel (converters and electric furnaces), iron scrap, and blast furnace dust are required to calculate the carbon balance. These goods also include substitutable goods such as fly ash, blast furnace slag, converter slag, and electric furnace slag for other inputs that contain carbon.
By using the heating value per weight or volume as listed in Table 1 , we can transform the physical input table (original unit) into the physical input table (calorie basis). Because the physical input table (calorie basis) shows the total heating value of energy inputs, we can identify energy-intensive sectors.
We can obtain the physical input table (CO 2 basis) by using the carbon content per weight or calorie as well as the physical input table (calorie basis). The physical input table (CO 2 basis) indicates that carbon in the inputs is fully emitted as CO 2 .
However, there are energy inputs for non-energy use. Hence, carbon in inputs for non-energy use should be deducted from the physical input table (CO 2 basis). This deduction is described in the physical input table of energy goods for non-energy use (CO 2 basis). The CO 2 emissions table is constructed by deducting the energy inputs for non-energy use from the energy inputs (CO 2 basis). Table. 3.1.2 Natural gas and liquid natural gas (LNG) Natural gas and LNG consumption is estimated by the transaction monetary input of domestic natural gas but also the monetary input of imported natural gas. All LNG is imported, while all natural gas is domestically produced. Therefore, the domestic natural gas in the transaction table denotes so-called natural gas, and the imported gas denotes LNG. Natural gas and LNG consumption is estimated by dividing the monetary inputs of domestic and imported gas in the transaction table by the unit prices of natural gas and LNG, respectively. Table 3 shows the unit prices of these energy goods. The consumption of oil produced by conversion, hydrocarbon oil, hydrocarbon gas, petroleum coke, coke oven gas, blast furnace gas, converter furnace gas, electric furnace gas, and waste tires in the mining and manufacturing sectors (excluding ten iron and steel sectors and the petroleum refinery products sector) is described in the Structural The energy consumption in the Structural Survey includes the consumption for boilers to obtain heat and electricity. The private power generation of each industry is reported in the private power generation sector of the Input-Output Table. Therefore, we divided the energy consumption for boilers into the consumptions for generating electricity and obtaining heat by using the amount of private power generation and the thermal efficiency for power generation (38.1%). The former was allocated to the private power generation sector of the Input-Output Table. 3.1.3.2 Ten iron and steel sectors
The consumption of hydrocarbon oil, petroleum coke, coke oven gas, blast furnace gas, converter furnace gas, electric furnace gas, tar, and iron scraps in ten iron and steel sectors, including pig iron, ferroalloys, crude steel (converters and electric furnaces), hot-rolled steel, steel pipes and tubes, cold-finished steel, coated steel, cast and forged steel, and cast and forged materials (iron) was obtained from the Yearbook of Iron and Steel Statistics 2000. The byproduct gas yield is also available from this publication.
The energy consumption for power generation and boilers in the iron and steel sectors is divided by the steam consumption for power generation and production process. Table 4 shows the corresponding relationship between the Yearbook and IOTEA. The energy consumption of ten iron and steel sectors (Table 5 ) was estimated based in Table 4 . 3.1.3.3 Three pulp and paper and petroleum refinery products sectors
The black liquor and scrap wood consumption of the pulp, paper, and paperboard
sectors is included in the Yearbook of the Current Survey of Energy Consumption in
Manufacturing 2000. The consumption of hydrocarbon oil, hydrocarbon gas, and petroleum coke in the petroleum refinery products sector is also included in this publication. The consumption for boilers of these sectors is divided into the consumption for private power generation and the production process by the steam consumption. Tables 6 and 7 show the black liquor and scrap wood consumption of the pulp and paper sectors, respectively. Table 8 shows the energy consumption of the petroleum refinery products sector. 3.1.3.4 Electricity (thermal power) sector
The consumption of coke oven, blast furnace, and converter furnace gases in the thermal power electricity sector is described in the Outline of Electricity Demand and Supply FY 1999 and 2000 . Table 9 shows the energy consumption of the electricity (thermal power) sector. 3.1.3.5 Gas supply sector
The consumption of coke oven, hydrocarbon, and methane gases in the gas supply sector is based on the Yearbook of the Gas Supply 2000. We related the coal and off gases included in other gases to coke oven and hydrocarbon gases, respectively. Table  10 represents the energy consumption of the gas supply sector. General waste management is allocated to the waste management service (public) sector in the Input-Output Table, and the incineration disposal amount of general waste is available from the report. Industrial waste management is allocated to the waste management services (private) sector. Because industrial waste is incinerated to reduce the volume in the intermediate process, we treat the reduced amount of incinerated waste such as paper scraps and wood waste as the incinerated amount. The incinerated amount of waste oil, waste plastic, and sludge is estimated using the ratio of the incinerated amount to the total amount in the IOTEA 1990 (Ikeda et al. 1996) . Table   11 shows the incinerated amount of general and industrial wastes in 2000. (electric furnaces) and gas supply sectors. The combustion ratio method was applied to the rest of sectors.
Combustion ratio method (Structural Survey of Energy Consumption in Commerce and Manufacturing 2000)
We applied the combustion ratio method to 400 sectors in the IOTEA. Table using only the corresponding relationship between the shipment of the former and production of the latter. Therefore, the converted energy consumption may be not consistent with the classifications of the Input-Output Table. We used the following assumptions to tackle the problem. All coke oven gas, blast furnace gas, converter furnace gas, electric converter gas, gasoline, light oils, jet fuel oil, black liquor, scrap wood, general waste, paper scrap, wood waste, waste oil, waste plastic, sludge and waste tire were burned for all cases (i.e., the combustion ratio of these energy goods was equal to one). All coking coal was combusted in the chemical fertilizer and ferroalloy sectors, which do not produce coke, while no coking coal was combusted in the other sectors.
The Structural Survey of Energy Consumption in Commerce and
Manufacturing reports energy consumption as raw materials. The combustion amount is estimated by deducting the consumption as raw materials from the total consumption, and the combustion ratio is obtained by dividing the combustion amount by the total consumption.
Combustion ratio method (Yearbook of the Current Survey of Energy Consumption in Manufacturing 2000)
The combustion ratios in nine petrochemical product sectors and the chemical fertilizer The combustion ratio in the petroleum refinery product sector is calculated using the
Yearbook of Production Supply and Demand of Petroleum, Coal and Coke 2000 and the
Structural Survey of Energy Consumption in Commerce and Manufacturing 2000.
If the ratios obtained from the two sources were different, we selected the lower one. Table 14 represents the combustion ratio of energy goods in the petroleum refinery products sector. Industry (Hondo et al. 2002) .
Physical input of gas supply The Structural Survey of Energy Consumption in Commerce and Manufacturing 2000
reports LNG consumption of the chemical industries, while the Input-Output Table 2000 reports LNG consumption of only three sectors: gas supply, electricity (thermal), and private power generation. The LNG data of the Structural Survey includes the LNG supplied by gas suppliers. On the other hand, the Input-Output Table reports the LNG supplied by gas suppliers in the gas supply sector.
The cyclic intermediates, synthetic dyes, and organic pigment manufacturing data of the Structural Survey consider LNG as a raw material. Therefore, if the sectors shown in the Input-Output Table in relation to these manufacturing sectors burn all of their gas supply, the CO 2 emissions might be overestimated. Hence, when calculating the combustion ratio of the gas supply, the combusted gas supply of the sectors that consume LNG as raw material is estimated by deducting the gas supply as raw material from total gas supply inputs.
Carbon balance table method
We applied the carbon balance table method to the coal product, pig iron, crude steel (converters), crude steel (electric furnaces), and gas supply sectors. The carbon balance table shows the carbon content of inputs and outputs like a balance sheet. CO 2 emissions are calculated by deducting the total carbon content of inputs from the total carbon content of outputs.
We developed a material balance table that shows the physical inputs and outputs (original unit) and then converted the physical quantity (original unit) of the material balance table into carbon using the information listed in Table 1 . Tables 15-19 show the material balance table of the pig iron, crude steel (converters), crude steel (electric furnaces), and gas supply sectors. Tables 20-24 show the carbon balance table   based on Tables 15-19 . The top three sectors in terms of CO 2 emissions are as follows: the electricity, gas, and heat supply sector (0.393 billion tons CO 2 ); the transport sector (0.193 billion tons CO 2 ); and consumption expenditure (private, 0.174 billion tons CO 2 ), in that order.
The emissions in the consumption expenditure (private, 24 million tons CO 2 ) and the electricity, gas, and heat supply sector (21 million tons CO 2 ) showed the largest increase.
The emissions for the communication and broadcasting, public administration, and electrical machinery have rapidly been increasing (57.6%, 47.8%, and 39.4%, respectively), while the emissions of textile products, consumption expenditure outside households, and petroleum and coal products have been considerably reduced (-30.7%, -25.5%, and -19.6%, respectively). as a future alternative power generation technology. SPS technology involves a satellite carrying photovoltaic (PV) panels in geostationary orbit (GEO) that continuously generates electricity independent of the weather or time of day and transmits this power to the Earth's surface. This study measured the CO 2 emissions from the latest SPS technology -multi-bus tethered-SPS presented by Sasaki (the Japan Aerospace Exploration Agency, JAXA) -using the IOTEA; several previous types of SPS were included for comparison. The results revealed that the CO 2 emissions from multi-bus tethered SPS per unit of energy generated is a little more than that from a nuclear power system. However, the generated emissions are much less than an LNG-fired power system or a coal-fired energy system. Hence, we concluded that the latest SPS is currently one of the most effective alternative technologies for future CO 2 reduction in electric power generation.
Basic Concept of SPS
The PV cells have been receiving increasing attention as a means of electricity generation that produces no CO 2 , NOx, or SOx pollution. However, because solar energy generation is impossible at night and the poor efficiency during cloudy weather, stable electricity generation is difficult. However, if solar panels are launched into space, they can produce continuous power independent of the weather or the day-and-night cycle. The solar power satellite (SPS) concept is very simple: a satellite carrying PV panels in GEO generates electricity and transmits it to the Earth's surface.
The basic concept of SPS was first published by Glaser (1968) ; the US Department of Energy (DOE), and the National Aeronautics and Space Administration (NASA) published a reference system in 1978, which is referred to as the -DOE/NASA reference system‖ in this paper. Although the reference system was published more than 30 years ago, no other equally detailed system including ground facilities and space transportation system has been proposed since then; therefore, it remains the representative plan for future SPS systems. Figure 2 shows the concept of the DOE/NASA reference system. The satellite is shown in the upper part: it has a rectangular structure 10 km long by 5 km wide and 300 m deep. It carries PV panels over its surface and transmits the generated power from the 1-km diameter antenna using high-frequency microwaves. The lower half shows the rectenna on the Earth, which receives and rectifies the microwaves from the 25 satellite; it is elliptical in shape and has dimensions of 13 km by 10 km. Each satellite-rectenna pair has an output of 5 GW, and the reference system is comprised of 60 such satellites. The total annual output of electric energy has been estimated to be 2,628 billion kWh. Sasaki (2006a Sasaki ( , 2009 Figure 3 shows the satellite structure of the multi-bus tethered SPS; the new SPS system has two features. First, the satellite has a multi-module structure, and the tethers link the bus system with a PV panel in each module. Second, each module itself functions as an electric power generator. The attached PV panel has a high power conversion efficiency of 35%, and the total electric power generated by 625 modules is 2.8 GW in the upper panel and 2.5 GW in the lower one. 4 The generated electricity is charged by a battery, controlled to 1.36 GW and changed to microwave beams; the microwave is then transmitted to the rectenna, which receives and rectifies the microwaves and supplies 1 GW of electricity to industries and households. We then proceed to the SPS construction process in Figure 4 , which is deeply related to the calculation of the CO 2 emissions. First, the Reusable Launch Vehicle (RLV) carries the Orbital Transfer Vehicle (OTV) and satellite to low-earth-orbit; the OTV then carries the satellite to geostationary orbit; finally, the satellite deploys automatically, and the SPS satellite is completed when the 625 modules are connected to each other. We discuss the RLV and OTV structures in more detail here.
The total mass of the RLV is 2,000 tons; it is comprised of the payload (50 tons), structure (200 tons), liquid oxygen (LOX) (1,500 tons), and liquid hydrogen (LH 2 ) (250 tons); the latter two serve as propellants. Fourteen RLVs make 1,000 round trips in total.
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The OTV has 2,151 kW of PV panels which ionize liquid argon (LAr) for space propulsion. The total mass of the OTV is 145 tons, which is comprised of the payload (50 tons), structure (54 tons), PV panels (22 tons), and liquid argon (LAr) (30 tons, round trip). One hundred seventy-one OTVs make 600 round trips in total.
The model
The CO 2 emission that would be produced by constructing and operating the SPS system is estimated using the IOTEA 2000, which was presented in the first part of this paper. The input-output model for environmental analysis based on open input-output model is given by; Figure 5 shows the basic procedure for determining an FD vector, using the satellite as an example. First, the unit price and amounts of material inputs are gathered; second, these are linked according to the Input-Output Table. OTV: The unit price of LAr in OTV is based on the annual average price in the Economic Research Association (2000). The OTV structure was estimated from Sasaki and Yamagiwa (2000) , the cargo orbit transfer vehicle (COTV) developed by DOE/NASA (1980), the table on domestic products by sector and commodity, and the airplane activity vector in the 2000 Input-Output Table. RLV: The unit price of LH 2 is based on estimates from Naruo et al. (1996) Table. Rectenna: The rectenna cost structure, its installation cost, and the number of diodes and antennas are estimated based on another type of rectenna from DOE/NASA (1980), large-scale solar power systems on the ground (e.g., Society of Chemical Engineers 1995, Kato et al. 1994 , Nomura et al. 1995 , and the electric power facilities construction activity in the 2000 Input-Output Table. Inverters and relay switches are estimated from work done by the Society of Chemical Engineers (1995), Kato et al. (1994) and Nomura et al. (1995) PV: PV that are attached to the satellite and OTV are assumed to have high-conversion efficiency, be resistant to radiation, and workable except for the cover glass, which is similar to current copper indium gallium diselenide (CIGS) thin-film PV cells; however, it is difficult to obtain the structural information for this particular type.
Therefore, we use recent solar cell activity estimated by Nakano (2006) under the strong assumption that solar cell activity does not change according to the conversion efficiency.
Overview of CO 2 Emissions
In this section, we describe the main results for estimates of CO 2 emissions from SPS construction. Table 27 shows that the released CO 2 would be 11 million tons. The largest amount is released from the production processes of LOX and LH 2 in RLV, which account for 60% of the total CO 2 emissions. The second largest amount comes from the PV attached to the satellite and the OTV in total, which account for 22% of the total emissions. Table 28 shows the four highest-ranking sectors of CO 2 emissions in the SPS system. For LH 2 and LOX in RLV, which induced the largest emissions according to Table 27 , the production process of these propellants, such as compression and cooling, require large amounts of electricity; therefore, electricity-related sectors were ranked high as a result. In short, Table 28 shows that each item in the SPS system requires various kinds of materials directly, but direct and indirect CO 2 emissions are mainly induced by electrical power generation. Lastly, we compare the CO 2 emissions of the multi-bus tethered SPS system with different kinds of electricity generation systems.
First, the annual energy production of SPS can be calculated as:
1 GW × 24 h × 365 day = 8,760 GWh.
Furthermore, if we assume a lifetime is 40 years, and the CO 2 emissions from SPS construction is 10,748 kilotons, the CO 2 emission per kWh can be estimated as:
10,748 kilotons/40 years/8,760 GWh × 1000 =30.7 g CO 2 /kWh. When comparing SPS systems, the DOE/NASA reference system has the lowest CO 2 emissions per kWh, as it has a very efficient transport system; i.e., the total mass-payload ratio is relatively higher than those for NEDO, USEF, and multi-bus tether, which means relatively less propellant is needed.
When the CO 2 emissions of the multi-bus tethered SPS is compared with existing electric power generation systems, the SPS CO 2 emission is a little higher than that of nuclear power; however, it is much lower than that of fossil fuel electric power generation, 1/30 of coal, 1/24 of oil, and 1/20 of natural gas.
This study clearly shows that construction of the SPS system releases large amounts of CO 2 ; however, the CO 2 emissions per kWh for SPS are much lower than that of existing power plants. In addition, our recent calculations show that the CO 2 per kWh of SPS is in double digits even when the structures are different, such as DOE/NASA, NEDO, USEF, and multi-bus tether.
Further investigation is required on how to reduce CO 2 emissions by -solar breeding,‖ in which installed SPS supplies electricity for producing further SPS or liquid fuel. This is a very challenging research target, and we will try to further develop the next stages.
Concluding remarks
This paper is a report on the estimation method for the IOTEA 2000 and its application study. Energy and economy statistics are considerably developed in Japan compared with other countries. This has led to the detailed estimation of the Input-Output Table. The amount of information for energy and environmental analyses is increasing. For instance, we can estimate the energy consumption for co-generation and the recycling sector in the Input-Output Table. However, at the same time, the Structural Survey of Energy Consumption in Commerce and Manufacturing has already become out of date.
The IOTEA provides information on the detailed structure of CO 2 emissions, which is necessary to assess ecofriendly technologies and to introduce measures against global warming. Hence, ensuring that the necessary statistics are up-to-date and continuously estimating the IOTEA is a major challenge. Effective utilization of the Survey of Energy Consumption and Comprehensive Energy Statistics should be discussed.
